Objectives. To assess essential/non-essential elements in bowhead whale. Study Design. Analyzes of tissues for key elements and comparing them to published food guidelines. Methods. Using national and international guidelines calculate percent (%) "Recommended Daily Allowance" of essential elements in 100 g portion of bowhead tissues. For non-essential elements, determine maximal tissue consumption based on average element concentrations and provisional tolerable weekly intake; and minimal risk level. Results. Liver and kidney are rich in essential/non-essential elements and have the greatest concentration of cadmium (Cd) among tissues studied, while mercury (Hg), lead (Pb) and arsenic (As) are relatively low. Kidney of bowhead whale is consumed in very limited amounts (limited tissue mass compared to muscle and maktak); liver is consumed rarely. Other tissues, except blubber, are excellent sources of many essential elements, without the abundance of liver and kidney Cd. Conclusions. Renal Cd concentrations are most restrictive for consumption on a tissue mass basis. Better understanding of Cd bioavailability, food processing, and actual consumption rates and patterns, are critical to providing improved guidance. Compared to store-bought meat, bowhead whale had comparable concentrations of elements in the tissues studied, with a few noted differences. The occasional blubber substitute, Crisco, was nearly devoid of trace element content. (Int J Circumpolar Health 2006:65(3):228-242.) 
INTRODUCTION
Bowhead whales (Balaena mysticetus) inhabit many regions of the Arctic year-round. The consumption of tissues from marine mammals, including the bowhead whale, by humans has occurred for centuries. While the actual magnitude of benefits are still not well documented (1) , bowhead tissues provide basic nutrients and are important to the maintenance of healthy communities (omega 3 fatty acids) (2) (3) (4) (5) ; yet the whales are a known source of contaminants (e.g. 6, 7). The Arctic Monitoring and Assessment Programme (AMAP) has termed this situation the "Arctic Dilemma." Sources of non-essential, potentially toxic elements and other contaminants are both global (8) and local (9) (10) (11) . Industrial concerns in the Northern Alaska region include Red Dog Mine (W 162°49'04", N 68°04'11'') a zinc (Zn)/lead (Pb)/silver (Ag) mine (9) (10) (11) . The proximity of the mine, port and haul road to the coast has incited apprehension among local communities regarding the potential for environmental contamination, including subsistence resources. Oil activities within and surrounding Prudhoe Bay, Alaska, also represent a source of concern related to the mobilization of heavy metals (12, 13) .
Dependence upon a subsistence-based diet has typically been expressed as "need" (14, 15) . These "need" assessments do not directly address the nutrients (e.g. essential elements) provided to the people. Many coastal Alaskan communities depend on marine mammals for nutritional, cultural, health, medicinal, economic and spiritual well-being (6, 16) . These communities know these benefits, but, in most cases, a well-designed quantitative assessment of these critical food sources and their actual essential element contents has not been made. With respect to elements, this "nutritional" assessment must be balanced with an evaluation of non-essential elements that have no known physiologic function. Past studies of element interactions (17, 18) were limited to classical tissues (liver, kidney, muscle, blubber), and did not consider human consumers. Hoekstra et al. (7) offered a comprehensive assessment of bowhead whalebased subsistence diets with respect to organochlorines in various tissues.
Daily requirements criteria come in many forms, including Recommended Daily Allowances (RDA), Adequate Intakes (AI), Dietary Reference Intakes (DRI) and, for upper limits of consumption, as Tolerable Upper Intake Levels (UL), as described by the National Academy of Sciences (19) , and the provisional tolerable weekly intake (PTWI). For nutritional needs the reference values are intended to indicate the amount of a particular essential element required daily. Using these values, one can determine what percentage of the "daily requirement" is met by a standard meal mass, or portion weight (i.e., 100g or 3 ounces of meat) of a food item. Nutritional needs of consumers can vary according to age, reproductive status, body weight, gender, specific physiological or disease conditions, and other factors. It is not the intent of this paper to cover this wide range of human conditions or life stages (i.e., fetal to geriatric). Some studies have described subsistence diets in Alaska (e.g., 20, 21), but not in detail for the bowhead whale and the numerous types of tissues consumed; nor specifically for essential and non-essential trace elements. With respect to non-essential elements, the Joint Food and Agricultural Organization and World Health Organization (FAO/WHO) (22) ORIGINAL RESEARCH have established the Provisional Tolerable Weekly Intake (PTWI) level, which is defined as an upper intake limit above which adverse effects might be expected. The term 'provisional' is used to emphasize the lack of safety data on contaminants; consequently, the levels of PTWIs are continually re-evaluated. The minimal risk level (MRL) set forth by the US Health and Human Services Agency for the Toxic Substances and Disease Registry (ATSDR) (23) applies to oral exposure of chronic duration (≥ 365 days), and is defined as "an estimate of daily human exposure to a substance that is likely to be without an appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure" (23) . We use both criteria to provide a range of consumption advice calculations.
For nutritional needs the reference values are intended to indicate the amount of a particular essential element required daily. This study provides nutrient information on a variety of tissue types from the bowhead whale to develop a quantitative measure of the nutritive value for humans for vital elements. Such data illustrate the relevance of these food items, and the specific elements therein, for health maintenance and disease prevention in humans. We recognize elemental interactions are complex, such that: 1) a non-essential element may interfere with the absorption or function of an essential element, or 2) an essential element may be protective with respect to toxic elements (24) . These complexities are not addressed here, as we consider each element individually.
Using an approach similar to other studies that have addressed public health considerations of a subsistence-based diet from both nutritional and toxicological perspectives (6, 7, 16, 25) , we report on the essential and nonessential trace element status of eight bowhead whale tissues (e.g., mean concentrations), provide an assessment of their nutrient value (e.g., %RDA), and calculate tissue weights relevant to suggested maximal intakes (mass of food consumed per unit time) of specific non-essential elements (Cd, Hg and Pb). The benefits of essential trace elements as well as the potential risks of non-essential (potentially toxic) trace metals, associated with the consumption of bowhead whale tissue are discussed.
MATERIAL AND METHODS

Sampling
Sampling of the bowhead whale has been described previously (18, 26) . Full thickness blubber cores and various tissues (epidermis, liver, kidney, skeletal muscle, diaphragm, tongue, intestine and heart) from bowhead whales were provided by Native subsistence hunters in Barrow, Alaska, USA, from 2002-2003. Samples were collected by staff at the Department of Wildlife Management with the endorsement of the Alaskan Eskimo Whaling Commission (AEWC) and the Barrow Whaling Captains Association (Barrow, Alaska, USA). Epidermal and blubber cores from approximately the same location on each whale (dorsal midline, 1 meter caudal to the blowhole) were collected. Life history information was recorded from each whale harvested (body length, baleen length, sex, etc.). Relationships among elements and life history parameters have been well described previously by Bratton et al. (27) Samples were selected based on their availability and potential dietary importance as a substitute for subsistence foods (i.e. countrybased diet). Samples were transported as described above for the bowhead whale samples.
Statistics and calculations
Summary statistics were calculated using 0.5 of MDL to represent concentrations of elements below the level of detection (Tables  III-IV) . Representative samples of uncooked bowhead whale maktak were determined using the 1:2 ratio of epidermis-to-blubber that is typically consumed (7) and converting the respective concentrations in the epidermis and blubber accordingly.
The PTWI is set at 7 µg/kg body weight for Cd (22) . For Pb, the PTWI is 25 µg/kg body weight (29) Samples were received frozen, checked against accompanying chains of custody, assigned unique TERL file numbers, entered into our LIMS program, and stored in a restricted access -20°C freezer until prepared for analysis. Prior to digestion, samples were thawed, chopped and homogenized in plastic weigh boats. Approximately 0.8-1.0 grams of wet sample homogenate was weighed into ORIGINAL RESEARCH tared, acid-washed, 50-ml Corning© centrifuge tubes. Three ml of trace metal grade 69-71% nitric acid (Fisher Scientific A509-212) was added to each tube and the samples were allowed to stand overnight at room temperature. The next day, samples were vortexed and digested in a microwave oven (CEM Mars5), following the program shown in Table I . Samples were allowed to cool and were vortexed between stages. Ultrapure H 2 O 2 (JT Baker UltrexII, 30%, 2 ml) was added to samples following Stage 2, and trace metal grade HCl (EMD Chemicals Omni Trace, 37-38%, 1 ml) was added following Stage 3. Following digestion, samples were diluted to 20 ml with 18-MegOhm/cm deionized water.
Samples were digested and analyzed in sets of 20 along with a blank, a spiked blank (laboratory control sample, LCS), a sample duplicate, a spiked sample, and three certified reference materials (Bovine Liver 1577b, NIST; Dogfish Muscle DORM-2, Research Council of Canada; and Dogfish Liver DOLT-2, Research Council of Canada). Spiking solution for LCS and sample spikes was prepared from single element standards obtained from Inorganic Ventures.
Tissue digests were analyzed for Hg using a Cetac QuickTrace 7500 cold vapor -atomic absorption spectrometer. Digest solution was diluted as necessary with 7% HCl, and combined with SnCl 2 to reduce Hg 2+ to Hg 0 . Hg 0 (g) was separated from the liquid sample matrix in a gas-liquid separator and carried by a stream of argon gas through a Nafion drying membrane and into the absorption cell, where Hg peak absorbance was measured. Selenium was analyzed on a PSA Millennium Excalibur hydride generation -atomic fluorescence spectrometer. Prior to analysis, aliquots of digest solutions were heated at 90°C in the CPI block digester with HCl, in order to reduce Se(VI) to the Se(IV) form that forms a hydride species quantitatively. This solution was then mixed with a solution containing NaBH 4 to form SeH 2 , and passed into a gas-liquid separator.
Volatile hydride species were atomized in an air-hydrogen flame, and Se was quantified by atomic fluorescence. Cadmium and Pb were analyzed on a Perkin-Elmer/Sciex DRC 2 inductively coupled plasma -mass spectrometer following 10-fold dilution with deionized water. Signals were measured in pulse mode, using a peak-hopping technique that incorporated internal standards (  103 Rh for   111 Cd and 209 Bi for 208 Pb) to compensate for physical matrix effects and slight instrument behavior changes.
Remaining elements were analyzed on a Spectro CirOs inductively coupled plasma -optical emission spectrometer. Digest solutions were analyzed undiluted, using an axial plasma and an internal standard (Yb) to compensate for matrix effects and instrument drift. Final calculations utilized offpeak background correction and interelement correction equations. Calibration on all instruments utilized a blank and three calibration standards that bracketed the measured sample concentrations. Instrument response was evaluated immediately following calibration and, thereafter, following every 10 samples and at the end of each analytical run, by running a check standard and a check blank. Table II outlines the results of the QA/QC data. Tissue concentrations of the following elements were determined: aluminum (Al), arsenic (As), boron (B), barium (Ba), beryllium (Be), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), potassium (K), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), phosphorous (P), lead (Pb), sulfur (S), selenium (Se), strontium (Sr), titanium (Ti), vanadium (V), and zinc (Zn). For tissues in which > 50% of the samples submitted had concentrations below the level of detection, we do not report a concentration for that element ORIGINAL RESEARCH and tissue combination. The following elements were not reported Al, Co, Cr and Ni. For kidney, the elements not reported include As, B, Ba, Mo, Ti and V. For liver, As, B, Ba, Be and Ti are not reported. For muscle, the elements not reported include As, B, Ba, Be, Mo, Pb, Ti and V. For heart, the elements not reported are As, B, Ba, Be, Mo, Pb, Ti and V. For intestine, the elements not reported are As, B, Ba, Be, Mo, Ti and V. For tongue, the elements not reported are B, Ba, Be, Mn, Mo and V. For blubber, the elements not reported are B, Ba, Be, Mn, Mo, Ti and V. For epidermis, the elements not reported are As, Be, Cd, Mn, Mo, Ti and V.
RESULTS
Metals analyses
Summary statistics for concentrations of essential and non-essential elements detected in at least 50% of the samples for each tissue type are compiled in Tables III-IV. Current RDAs  for each element are shown in Tables V-VI, along with the percentage (%RDA) of the daily requirement met by consuming 100 g, or 3 ounces, of a given tissue for an adult male 31-50 years of age.
Elemental nutrient value of tissues studied
Among the tissues we analyzed, kidney and liver are the most elementally rich (Table III and V) . On average, kidney (100g) provides > 10% of the RDA for the following elements: Cr (88%), Cu (13%), Fe (42%), Mo (42%), P (17%), Se (236%), Na (45%) and Zn (14%) ( Table V) ; whereas 100g of liver supplies > 10% of the RDA for Cr (88%), Cu (33%), Fe (566%), Mo (20%), P (29%), K (11%), Se (200%), Na (32%) and Zn (230%) ( Table V) .
Skeletal muscle provides > 10% of the RDA for the elements Fe, Mo, P, K, Se and Zn (Table  V) . Heart provides > 10% of the RDA for Fe, P, K, Na, Se and Zn, while tongue supplies > 10% ; n = 33 (33 samples analyzed) and reported except for Pb: n = 21 (12 < detection level or DL) for kidney; n=34 (analyzed) and reported except V: n = 31 (3 < DL), and Mo: n = 33 (1 < DL) for liver; n = 33 (analyzed) and reported except Cd: n = 22 (11 < DL) for muscle. n = 10 for heart; Mean (ppm ww) k for kidney = 1441.6, liver = 2222.6, muscle = 2793.0, heart = 3098.0; Mean (ppm ww) Na for kidney = 2227.6, liver = 1581.7, muscle = 478.5, heart = 1325; Mean (ppm ww) P for kidney = 1361.6, liver = 2312.1, muscle = 2021.5, heart = 1732; Mean (ppm ww) S for kidney = 1465.1, liver = 2109.4, muscle = 1795.8, heart = 1791; Mean (ppm ww) Sr for kidney = 0.34, liver = 0.13, muscle = 0.04, heart = 0.12.
ORIGINAL RESEARCH of the RDA for Cr, Fe, Se and Na (Table IV) .
Intestine provides > 10% of the RDA for P, K, Na, Se and Zn (Table VI) . As expected, blubber is a poor source of elements, providing 10% or more of the RDA for Cr, Se and Na only (Table VI) . Epidermis (Table V) supplies > 10% of the RDA for Cr, P, K, Mo, Na and Se. Blubber and epidermis comprise 66% and 33% of maktak, respectively. Using the same proportions to assess the nutrient quality of maktak, > 10% of the RDA for Cr, Se, Zn and Na are provided in a 100-g serving (Table VI) .
Non-essential elements
For bowhead whale kidney, Cd concentrations allow for consumption rates of 7-35 g per week (Table V) , or 364 g to 1,820 g per year, and much higher rates of consumption for the other non-essential elements (Hg up to 9.4 kg and Pb 219 kg per week). With respect to liver (rarely consumed), Cd content allows for consumption rates of 10.3-51.7 g per week (Table V) , and much higher rates of consumption for the other non-essential elements (Hg up to 6.0 kg and Pb 117 kg per week).
For heart, allowable consumption rates are 113-563 g per week for Cd, and much higher rates for the other non-essential elements (for Hg up to 18.8 kilograms per week). For intestine and tongue, allowable consumption rates based on Cd concentrations are 204-1021 g per week and 1633 g (1.6 kg) to 8167 g (8.2 kg) per week, respectively, and much higher rates for the other non-essential elements. Skeletal muscle and epidermis (as well as maktak) are not significant sources of nonessential elements and weekly consumption rates in excess of 2.5 or 18 kg, respectively, are required to reach levels of concern (Table V) . For Pb > 50% of muscle samples were < 0.005 ppm ww (< DL), and were thus not reported here. For Cd > 50% of epidermal samples were < 0.005 ppm w.w. (<DL); %RDA represents the proportion of the RDA met by consuming 100g (3 ounces) of a specific tissue based on the RDA and mean mg/100g of the essential element. g tissue/week represents the maximum suggested intake of the specific tissue based on the MRL, or the PTWI of the specific non-essential element. Table VI . Bowhead whale (Balaena mysticetus) heart, tongue, intestine, blubber and maktak essential and non-essential element contents (arithmetic mean as per mg/100g and (ppm = mg/kg)) and respective consumption amounts based on daily intake for the essential elements and weekly intake for the non-essential elements. Components not detected in the 3 tissue types are not reported in the Table; % RDA represents the proportion of the RDA met by consuming 100g (3 ounces) of a specific tissue based on the RDA and mean mg/100g of the essential element. g tissue/week represents the maximum suggested intake of the specific tissue based on the MRL, or the PTWI of the specific non-essential element. Comparison to store-bought products For the most part, store-bought meats had similar concentrations of elements as the analogous bowhead whale product (Table VII) . Some interesting differences are noted. Muscle of the bowhead whale is much richer in Fe than the other muscle-based store-bought products. Beef tongue is slightly more mineral rich than bowhead whale tongue. Not surprisingly, the most dramatic difference is between Crisco (a common blubber substitute) and blubber. Crisco is very low in Cu, Fe, K, Mg, Na, P, S, Se and Zn, as compared to bowhead whale blubber. Basically, Crisco is devoid of nutritional value from a trace element perspective. Bovine calf liver is richer in Cu and Mn; while bowhead whale liver is richer in Fe and Se.
Heart
DISCUSSION
As expected, raw bowhead whale tissues are variable sources of essential and non-essential elements. In some cases, these nutrients were below the level of detection of the assays employed, and thus cannot be reviewed here. Of course, this means that those elements and tissues are of no concern for toxicity. Of the elements evaluated, Ca, Co, Cr, Fe, K, Mg, Mn, Mo, Na, Cu, Zn, P, S and Se are the major essential elements, while As, Cd, Pb and Hg have no known function in mammals and are considered non-essential, or potentially "toxic", elements. The non-essential elements important for toxicological assessment in the arctic food chain include Cd, Hg and Pb (31) . For most arctic residents Hg is a major issue ORIGINAL RESEARCH in fish and seals. However, Hg concentrations in bowheads are relatively miniscule compared to other marine mammals, and are below levels used by regulatory agencies for marketed animal products. Compared to other species of northern Alaska, bowhead whales of this study had similar or lower tissue concentrations of the toxic metal Hg (17, 18) . The Cd concentrations are similar to those previously reported for bowhead whales (18, 27) , which accumulate Cd with age in liver, and particularly in kidney (18) , similar to other arctic mammals, including both terrestrial and marine species (17, 18, 32, 33, 34, 35, 36, 37, 38, 39) . Other reports have addressed potential nutritional and toxic effects of such elemental concentrations in bowhead whales and domestic animals (32, 18) .
Element nutrient value by tissues type
Many nutrients are present in numerous tissues of the bowhead whale at adequate (>10% of the RDA or AI met by 100 g or 3 ounces of that specific tissue) to excellent (meets, or exceeds, >100% the RDA or AI for 100 g or 3 ounces of that specific tissue) levels. Among tissues from a single whale, it is obvious that the organ meats (kidney, intestine, heart) are of limited mass relative to the more abundant skeletal muscle and maktak (composed of epidermis and blubber), but are comparatively higher in concentrations of essential elements. Both kidney and liver are potentially very good sources (>10%) of Cr, Cu, Fe, Na, Mo, P and Zn. Kidney is more commonly consumed (highly prized), but is of limited mass compared to muscle and maktak, while liver is consumed rarely. Skeletal muscle (Table III) provides > 10% of the RDA for Cu, Mo, Fe, P, K and Zn, and represents a relatively massive amount of available food from a whale. Heart and intestine are both good sources of Cu, Fe, Na, K, Zn and P, while tongue supplies Cr, Cu, Na and Fe (Table IV) . While rarely eaten alone, blubber offers a very good source of Cr, Cu and Mo. Epidermis represents a good source of Cr, Mo, P, K, Na and Zn (>10%). Together (blubber and epidermis) comprising maktak, these tissues constitute good sources of the above elements.
Non-essential elements
The PTWI is set at 7 µg/kg body weight for Cd (22) . However, the MRL for chronic-duration (≥ 365 days) oral exposure to Cd proposed by the ATSDR is somewhat lower, at 0.0002 mg/ kg/day (23) . Using the ATSDR's MRL, a 70 kg person could safely consume 98 µg of Cd per week, but according to the WHO/FAO's PTWI, should consume no more than 490 µg Cd per week for their lifetime. The WHO/FAO's guideline is more applicable here, as it represents an upper boundary for chronic intake and we are discussing many years of exposure.
Cd concentration in liver and kidney increases in conjunction with whale age (and size). Thus the level of Cd exposure to human consumers would vary correspondingly. If kidney or liver were the only source of Cd in the diet, the PTWI for Cd would be reached (on average) by consumption of 520 g of liver, or 35.3 g of kidney per week. Using the more conservative MRL, a 70 kg human could safely consume, on average, up to 10.3 g of liver, or 7.1 g of kidney per week, over the year. The ATSDR has noted the existence of a relatively narrow margin of safety with respect to Cd and renal function, especially among tobacco smokers (20) . Cadmium concentrations in whale muscle and other tissues were low across all age classes and pose no appreciable exposure risk to human consumers. In other cetaceans, slightly more than 66% of total mercury comprises methylmercury, or other organic forms, whereas the mercury in liver and kidney is predominately inorganic (18) . For example, in beluga whales, mean methylmercury levels expressed as a percentage of total Hg were 14.2 % in liver, 12.8 % in kidney, 96.0 % in muscle, and 97.1 % in epidermis (18) . Among bowhead whales, the total Hg concentrations are typically too low to justify evaluating organic forms, and such low levels of total Hg imply that this element poses little risk to human consumers.
We recognize that some elements are not limited in most diets and may even, on occasion, be prevalent, or even supplemented, well above recommended limits (e.g., Na). Communication of nutrient data must be conducted carefully in the context of the overall diet and other health influences (i.e., smoking tobacco is a significant source of Cd and disease). Similarly, risk assessments of contaminants should not be conducted in isolation (6, 16) . Rather, data pertaining to concentrations of toxic elements should be evaluated in the context of the many important nutrients these tissues contain. Not to be underestimated is the sociocultural value of hunting and sharing, which is tremendously important to these communities. Furthermore, remote villages frequently lack healthy, affordable and desirable alternatives. The bioavailability of certain elements (i.e., Cd, Hg and Se) from organ meats as they are eaten (raw, or processed by cooking or fermentation) should be determined to better assess actual risks to subsistence users.
Conclusions
As expected, most of the tissues from bowhead whales used as foods are rich in many elements, with the exception of blubber. As for most arctic mammals, the broad range of Cd concentrations in kidney and liver does not allow us to give precise, reassuring guidance, especially because data are lacking pertaining to bioavailability (proportion absorbed into blood circulation from diet) and the effects of food preparation techniques on Cd concentrations. The potential protective effects of concurrent essential element intake (i.e., Se) must also be considered. The very low concentrations of Hg should not be a concern for consumption of bowhead whale-based products. The bowhead whale tissues studied here had element concentrations similar to those encountered in store-bought meat products. However, the occasional blubber substitute, Crisco, was nearly devoid of trace element content and is not similar to bowhead whale blubber element concentrations. 
